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Summary 
Transient phosphorylation of histidine characterizes 
the two-component systems in prokaryotes that con- 
trol important physiological functions, but analogous 
events have not been implicated in signal transduction 
in mammalian cells. To explore histidine phosphoryla- 
tion during activation of human cells, stimulated plate- 
lets were analyzed for the formation of protein phos- 
phohistidine in a model system employing P-selectin. 
P-selectin, a leukocyte adhesion molecule, undergoes 
rapid phosphorylation and selective dephosphoryla- 
tion of tyrosine, serine, and threonine. We now estab- 
lish that phosphorylation following platelet activation 
with thrombin or collagen generates phosphohistidine 
at histidines on the cytoplasmic tail of P-selectin. With 
thrombin stimulation, the kinetics of phosphohistidine 
appearance and disappearance on P-selectin are very 
rapid. Platelets exhibit a novel ligand-induced signaling 
pathway to generate phosphohistidine. These results 
provide direct biochemical evidence for the induction 
of rapid and reversible histidine phosphorylation in 
mammalian cells upon cell activation and represent a 
novel paradigm for mammalian cell signaling. 
Introduction 
Phosphohistidine plays an important role as an intermedi- 
ate in the formation of phosphoaspartic acid in prokaryotic 
signal transduction, but has not been directly implicated 
in cell signaling in eukaryotes, although phosphohistidine 
has been found in many eukaryotic proteins. These in- 
clude nuclear proteins, such as histone H4, from rat and 
bovine liver (Walinder, 1968; Chen et al., 1974, 1977; Fuji- 
taki et al., 1981) and from the slime mold Physarum poly- 
cephalum (Huebner and Matthews, 1985; Pesis et al., 
1988) and G protein 13 subunits from human leukemic H L60 
cells (Wieland et al., 1993). Protein histidine kinases re- 
sponsible for phosphohistidine synthesis (Smith et al., 
1974; Huang et al., 1991; Motojima and Goto, 1994) and 
phosphohistidine phosphatases capable of dephosphory- 
lation of phosphohistidine on proteins (Kim et al., 1993; 
Wong et al., 1993; Motojima and Goto, 1994; Ohmori et 
al., 1993) have further suggested the potential for a critical 
physiological role for transient phosphorylation in eukary- 
otes. Homology between two-component bacterial signal- 
ing systems and parallel proteins in early eukaryotes 
(Swanson et al., 1994) has led us to explore possible for- 
mation of protein phosphohistidine as an immediate con- 
sequence of cell activation in mammalian cells in a model 
system. Such an observation would implicate transient 
histidine phosphorylation as a basis for molecular ecogni- 
tion and signaling. 
Platelets have served as an important model for cell 
signaling. Platelets undergo rapid morphological changes, 
activation of quiescent biochemical pathways, degranula- 
tion, and receptor activation on a rapid time scale. Plate- 
lets constitutively express both a thrombin receptor and 
collagen receptors, although the functionally active colla- 
gen receptor is not known with certainty. The thrombin 
receptor is a member of the G protein-coupled receptor 
family (Vu et al., 1991; Rasmussen et al., 1991). Proteolytic 
cleavage of the thrombin receptor by thrombin leads to 
receptor activation by the new N-terminus, which functions 
as the ligand for cell activation (Vu et al., 1991). Thrombin 
receptor signaling activates phospholipase C, phosphoi- 
nositol 3-kinase, protein kinase C, and the tyrosine kinase 
Src (Hung et al., 1992; Zhang et al., 1993; Clark and 
Brugge, 1993). One platelet collagen receptor, glycopro- 
tein la-Ila, is an a2131 member of the integrin family. Col- 
lagen stimulation of platelets results in tyrosine kinase ac- 
tivity (Haimovich et al., 1993), including the tyrosine 
phosphorylation of the focal adhesion molecule FAK and 
inositol triphosphate formation (Watson et al., 1985). Al- 
though serine, threonine, and tyrosine are constitutively 
phosphorylated on some platelet proteins, platelet activa- 
tion leads to marked increase in protein phosphorylation. 
This increased phosphorylation appears to be closely 
linked to the occupancy of certain receptors inasmuch as 
binding of glycoprotein lib-Ilia to fibrinogen requires prior 
tyrosine phosphorylation (Shattil, 1993). Phosphohistidine 
has not been observed in platelets. 
P-selectin is a cell adhesion molecule that mediates the 
interaction of platelets (Larsen et al., 1989) and endothelial 
cells (Geng et al., 1990) with monocytes and neutrophils. 
An integral membrane protein with a molecular weight of 
140,000 (Hsu-Lin et al., 1984), this protein is composed 
of a lectin domain, an epidermal growth factor domain, a 
series of concensus repeat domains, a transmembrane 
region, and a short cytoplasmic tail (Johnston et al., 1989). 
This protein resides in the membrane of the (x granule 
(Stenberg et al., 1985; Berman et al., 1986). Upon platelet 
activation and degranulation, the protein is rapidly translo- 
cated to the plasma membrane. P-selectin binds to a 
counterreceptor, PSGL-1, expressed on leukocytes of the 
myeloid lineage (Sako et al., 1993; Moore et al., 1994). The 
interaction of P-selectin with leukocytes leads to capture of 
leukocytes on the vascular surface, as demonstrated by 
in vitro (Larsen et al., 1989; Geng et al., 1990; Lawrence 
and Springer, 1991) and in vivo experiments (Mayadas et 
al., 1993), and the induction of tissue factor activity on 
monocytes (Celi et al., 1994). 
During cell activation, the cytoplasmic tail ,of platelet 
P-selectin undergoes rapid phosphorylation (Crovello et 
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al., 1993; Fujimoto and McEver, 1993); phosphoserine, 
phosphothreonine, and phosphotyrosine have been pre- 
viously detected in P-selectin following platelet activation 
(Crovello et al., 1993). Although histidine phosphorylation 
has been implicated in prokaryotic signal transduction 
pathways that mediate certain processes, including che- 
motaxis (Hess et al., 1988) and porin expression (Stock 
et al., 1990), and phosphohistidine has been observed in 
mammalian cell proteins, activation of a histidine phos- 
phorylation-dephosphorylation signaling pathway associ- 
ated with mammalian ligand-induced cell activation has 
not been observed. We have demonstrated and character- 
ized the reversible phosphorylation of histidine in human 
P-selectin following platelet activation and postulate the 
existence of a novel cell activation signaling pathway in- 
volving transient phosphohistidine formation in mamma- 
lian cells. 
Results 
We have previously demonstrated that platelet activation 
is associated with the rapid phosphorylation of serine, thre- 
onine, and tyrosine residues in the cytoplasmic tail of 
P-selectin, followed by dephosphorylation of phospho- 
threonine and phosphotyrosine (Crovello et al., 1993). 
However, because phosphoamino acid analyses were per- 
formed on P-selectin subjected to acid hydrolysis, we 
would have destroyed any phosphohistidine present on 
P-selectin under the ~;onditions employed. Because of the 
functional importance of phosphohistidine in prokaryotes, 
the multiple sites of phosphorylation in the P-selectin cyto- 
plasmic tail, and the presence of two histidine residues 
within this region, we were interested to learn whether 
phosphohistidine formation might accompany cell activa- 
tion in a model mammalian system and, thus, represent 
a novel intracellular pathway for signal transduction. Plate- 
lets from normal human blood were isolated by gel filtration 
and were [32P]orthophosphate loaded. After purification, 
platelets were activated by the addition of either thrombin 
or collagen and then disrupted at the indicated time using 
lysis buffer. P-selectin was isolated by immunoprecipita- 
tion, SDS gel electrophoresis, and electrophoretic transfer 
to Immobilon P. The phosphorylated P-selectin was de- 
tected using a phosphorimager (Figure 1). P-selectin from 
activated platelets was characterized by a band containing 
~2p whose electrophoretic mobility was consistent with a 
molecular weight of 140,000. We have previously demon- 
strated that this band is a phosphorylated form of 
P-selectin (Crovello et al., 1993). In contrast, unstimulated 
platelets contain minimal phosphorylated P-selectin. The 
P-selectin band from thrombin-activated platelets or colla- 
gen-activated platelets was excised from Immobilon P, 
and P-selectin was subjected to alkaline hydrolysis. Phos- 
phoamino acids were separated by thin-layer chromatog- 
raphy. As shown in Figure 2, chromatography of the base 
hydrolysate of P-selectin from activated platelets indicates 
the presence of both phosphohistidine and phosphotyro- 
sine. A phosphohistidine standard, containing N1- and N3- 
phosphohistidine, comigrated with the [32P]phosphohisti- 
dine. P-selectin isolated from resting platelets contains 
nearly undetectable amounts of phosphohistidine and 
phosphotyrosine. The small amount of phosphoamino 
acids observed in unstimulated platelets is likely due to 
the contamination of unstimulated platelets with platelets 
activated incidentally during the isolation process. P-selectin 
isolated from stimulated platelets demonstrates the pres- 
ence of phosphohistidine and confirms the presence of phos- 
photyrosine. The amount of phosphohistidine in P-selectin 
from thrombin-stimulated platelets was about 20-fold higher 
than that of phosphohistidine in P-selectin derived from 
unstimulated platelets. 
To eliminate the possibility that phosphohistidine was 
formed during alkaline hydrolysis of the phosphorylated 
P-selectin, possibly by I~ elimination of phosphoserine and 
nonenzymatic phosphorylation of an adjacent histidine, 
phosphohistidine was shown to be present in P-selectin 
not subjected to alkaline hydrolysis. The P-selectin band 
from thrombin-activated platelets was excised from Im- 
mobilon P, and P-selectin was subjected to Pronase diges- 
tion. Two-dimensional thin-layer chromatography of the 
enzymatic hydrolysate of P-selectin from activated plate- 
lets indicated the presence of phosphohistidine; the 32p. 
labeled phosphohistidine derived from P-selectin cochro- 
matographed with the phosphohistidine standard stained 
with ninhydrin (data not shown; see below). 
The amino acid sequence of the cytoplasmic tail of 
P-selectin includes 35 residues (Figure 3). This sequence 
includes two serine residues, two threonine residues, one 
tyrosine residue, and two histidine residues. To prove that 
histidine residues on the cytoplasmic tail of P-selectin are 
phosphorylated following platelet activation, we isolated 
a tryptic peptide derived from the cytoplasmic domain of 
P-selectin and subjected it to Edman degradation and 32p 
analysis. The phosphorylated form of P-selectin, labeled 
with 32p, was isolated by immunoprecipitation, SDS gel 
electrophoresis, and electrophoretic transfer to immobilon 
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Figure 1. Phosphorylation f P-Selectin in Platelets during Thrombin 
or Collagen Stimulation 
P-selectin was immunoprecipitated and subjected to SDS gel electro- 
phoresis. 32p in the gel was visualized with a phosphorimager; the 
position of P-selectin migration (MW 140,000)is ndicated bythe arrow. 
The time (seconds) between cell activation and termination of activa- 
tion is indicated above each lane. (A) Thrombin-stimulated platelets. 
(B) Collagen-stimulated platelets. 
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Figure 2. Phosphoamino Acid Analysis of P-Selectin from Activated 
Platelets 
The P-selectin was excised from the transfer blot and phosphoamino 
acid analysis by thin-layer chromatography performed on the alkaline 
hydrolysate. The time (seconds) between cell activation and termina- 
tion of activation is indicated above each lane. Lane S contains phos- 
phohistidine and phosphotyrosine standards. (A) Thrombin-stimulated 
platelets. (B) Collagen-stimulated platelets. A phosphohistidine stan- 
dard and phosphotyrosine standard were added to the alkaline hydroly- 
sate of the radioactive phosphorylated P-selectin. 32p was detected 
by autoradiography using a Molecular Dynamics phosphorimager. 
Phosphohistidine and phosphotyrosine standards (dashed line) were 
visualized with ninhydrin stain. The autoradiogram obtained is super- 
imposed on a diagram of internal phosphohistidine and phosphotyro- 
sine standards. The vertical line indicates a composite of wo separate 
thin-layer chromatographs. 
P. The purified protein was subjected to digestion with 
trypsin. The lim it digest of P-selectin includes a C-terminal 
peptide derived from the cytoplasmic tail, from residues 
766-789. This peptide, which contains all of the potential 
phosphorylation sites, was isolated by affinity chromatog- 
raphy using anhydrotrypsin as a ligand. Since anhy- 
drotrypsin binds to all peptides that include at least one 
arginine or lysine residue and since trypsin cleaves C-ter- 
minal to lysine and arginine residues, all peptides in a 
tryptic hydrolysate of P-selectin except the C-terminal pep- 
tide will bind to an hydrotrypsin-Sepharose. When the tryp- 
tic hydrolysate of P-selectin was applied to an anhydrotryp- 
sin-Sepharose column, 32p was recovered quantitatively 
in the unbound fraction. Bound peptides were eluted with 
HCI, but no 32p was associated with these peptides. Al- 
though HCI might cause some degradation of the acid- 
labile phosphohistidine on a bound peptide, acid-stable 
phosphoserine, phosphothreonine, and phosphotyrosine 
on the peptide would serve to identify this peptide following 
acid elution from the column. The phosphopeptide was 
further purified and characterized by reverse-phase high 
performance liquid chromatography (HPLC) (Figure 4). A 
single major protein peak was observed by monitoring ab- 
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Figure 3. Cytoplasmic Tail of P-Selectin 
The cytoplasmic tail is located on the C-terminus of P-selectin, from 
residue 755-789 (Johnston etal., 1989). The sequence of the cyto- 
plasmic tail is shown, including potential sites of phosphorylation (as- 
terisks). Potential sites of trypsin cleavage are indicated (arrows). The 
tryptic peptide 766-789 contains ll of the potential phosphorylation 
sites. 
sorption at 280 nm. This peak contained all of the peptide- 
bound 32p and was reactive with an immunoaffinity-purified 
polyclonal rabbit antibody, anti-766-776, directed against 
the cytoplasmic tail of P-selectin. These results indicate 
the isolation of a single phosphopeptide from phosphory- 
lated P-selectin. 
The purified phosphopeptide derived from the tryptic 
digestion of P-selectin from thrombin-activated platelets 
was subjected to phosphoamino acid analysis following 
Pronase digestion. To confirm further the identity of the 
putative phosphohistidine species derived from P-selec- 
tin, we performed two-dimensional thin-layer chromatog- 
raphy on the phosphopeptide Pronase hydrolysate. The 
chromatogram of the 32P-labeled hydrolysate, supple- 
mented with phosphoserine, phosphotyrosine, phospho- 
threonine, and phosphohistidine standards, was devel- 
oped with e thano l -ammonium hydroxide in the first 
dimension and methanol -ammonium hydroxide in the 
second dimension. As shown in Figure 5, the 32P-labeled 
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Figure 4. HPLC Purification of the Tryptic C-Terminal Phosphopep- 
tide of P-Selectin 
The phosphorylated P-selectin was subjected to trypsin digestion, and 
the hydrolysate was applied to an anhydrotrypsin-Sepharose column 
to isolate the C-terminal peptide lacking arginine or lysine. Bound 
peptides were eluted with HCI. All of the radioactivity was associated 
with the unbound fraction. This fraction, after concentration, was fur- 
ther purified by reverse-phase HPLC. The column was monitored at 
280 nm (.), and fractions were assayed for ~P (black). 
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Figure 5. Ph°sph°amin° Acid Analysis °f the P'Selectin Tryptic Ph°s 
phopeptide from Activated Platelets Following Enzymatic Proteolysis 
Two-dimensional thin-layer chromatography of the Pronase digest of 
the purified phosphopeptide was performed using an ethanol/ammo- 
nium hydroxide solvent system in the first dimension and a methanol/ 
ammonium hydroxide solvent system in the second dimension. Radio- 
active phosphoamino acids (PH, PS, PY, and PT) were identified by 
autoradiography (top). The same image is shown (bottom), but the 
locations of the positions of the internal standards (phosphoserine, 
PS; phosphothreonine, PT; phosphotyrosine, PY; phosphohistidine, 
PH) identified by ninhydrin staining are overlayed (dashed line). 
phosphoamino acids from the phosphopeptide included 
phosphohistidine, phosphotyrosine, phosphothreonine, 
and phosphoserine. These radioactive phosphoamino 
acids cochromatographed with the internal phosphoamino 
acid standards, including phosphohistidine, as identified 
with ninhydrin staining. These results prove the presence 
of phosphohistidine in the P-selectin phosphopeptide. 
The purified phosphopeptide was subjected to Edman 
degradation and the ATZ derivatives of each residue were 
collected (Wettenhall et al., 1991). The amino acid deriva- 
tive at each cycle was then quantitated for 32p using a 
phosphorimager. As shown in Figure 6, cycles 6, 7, and 
8 contained significant levels of 32p; cycle 1 contained 32p 
as free phosphate, as demonstrated by thin-layer chroma- 
tography. Positions 6, 7, and 8 correspond to His-771, 
Ser-772, and His-773, respectively. The small amount of 
radioactivity that appears in cycle 5 is due to preview dur- 
ing the Edman degradation. Owing to the repetitive yield, 
the diminished efficiency of degradation due to the pres- 
ence of phosphoamino acids, and the quantity of initial 
material available, data in the experiment depicted were 
obtained only to cycle 10. However, in separate experi- 
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Figure 6. Identification f Phosphohistidine in the Phosphopeptide by 
Edman Degradation 
The purified phosphopeptide (766-789) was subjected to automated 
Edman degradation under modified conditions to preserve and elute 
phosphoamino acids. Each residue was quantitatively analyzed for 
32p by autoradiography using a phosphorimager (closed bars). Resi- 
dues 6, 7, and 8 contain 32p. The presence of ~P in residue 1 is due to 
free phosphate, demonstrated by thin-layer chromatography, derived 
from the phosphopeptide (open bar). 
ments, small amounts of 32p were detected at positions 
11 and 12, corresponding to Thr-776 and Tyr-777. These 
results, obtained in three independent Edman degrada- 
tions with three independent preparations of phosphory- 
lated P-selectin, confirm that phosphohistidine is a compo- 
nent of phosphorylated P-selectin and that both His-771 
and His-773 in the cytoplasmic tail are phosphorylated 
upon platelet activation. Determination of the N-terminal 
sequence of the phosphopeptide was attempted, but was 
unsuccessful in multiple experiments. The low amount of 
phosphopeptide in the tryptic hydrolysate may be due to 
the palmitoylation of Cys-766 (Fujimoto et al., 1993). 
Our previous studies have shown that the kinetics of 
phosphorylation of P-selectin following cell activation are 
very rapid. Furthermore, dephosphorylation of threonine 
and tyrosine is also rapid. To determine whether phospho- 
histidine formation paralleled the synthesis of phosphory- 
lated serine, threonine, and tyrosine in P-selectin and 
whether the kinetics of phosphorylation and dephosphory- 
lation of either serine, threonine, and tyrosine might most 
likely parallel that of phosphohistidine, the kinetics of 
phosphohistidine formation on P-selectin in thrombin-acti- 
vated platelets was evaluated. As shown in Figure 7A, 
maximal phosphohistidine on P-selectin was observed at 
15 s following thrombin stimulation. Dephosphorylation 
leads to diminished phosphohistidine at 30 s and barely 
detectable levels at 60 s. The half-disappearance time of 
phosphohistidine is estimated at about 10-15 s. By com- 
parison, the half-disappearance times of phosphoserine, 
phosphothreonine, and phosphotyrosine on P-selectin 
from thrombin-activated platelets are estimated at about 
>300 s, 25 s, and 15 s, respectively (Crovello et al., 1993). 
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Figure 7. Kinetics of Histidine Phosphorylation and Dephosphoryla- 
tion on P-Selectin Following Thrombin or Collagen Stimulation of 
Plate~ets 
Platelets were activated for the indicated time before the reaction was 
stopped by the addition of lysis buffer. (A) Thrombin-stimulated plate- 
lets. (B) Collagen-stimulated platelets. Data were obtained by analyz- 
ing digitized images of autoradiograms ofthe amino acid analysis of 
alkaline hydrolysates. 
The kinetics of phosphorylation and dephosphorylation 
of histidine differed in collagen-stimulated platelets. As 
shown in Figure 7B, collagen-induced histidine phosphor- 
ylation peaked at about 90 s. Dephosphorylation was also 
observed, but the half-disappearance time of phosphohis- 
tidine is about 60-90 s. Thus, the time scale of reversible 
histidine phosphorylation on P-selectin is about 4- to 6-fold 
longer with collagen-induced platelet activation than with 
thrombin-induced platelet activation. This is compatible 
with the observation that the peak of collagen-induced 
P-selectin phosphorylation in general occurs at about 90 s. 
Discussion 
In this work, we demonstrate that P-selectin phosphoryla- 
tion during human platelet activation includes the transient 
generation of phosphohistidine on the C-terminal cyto- 
plasmic tail. Histidine phosphorylation has not been pre- 
viously implicated in mammalian signal transduction path- 
ways. However, phosphohistidine is a known component 
of eukaryotic proteins (Zetterqvist, 1967; Walinder, 1968, 
1969; Chen et al., 1974, 1977; Fujitaki et al., 1981; Huebner 
and Matthews, 1985; Pesis et al., 1988; Wieland et al., 
1993; Motojima and Goto, 1993), and the enzymatic ma- 
chinery for the synthesis of phosphohistidine and for its 
dephosphorylation is present in lower eukaryotic and 
mammalian cells. A protein histidine kinase has been iso- 
lated from yeast Saccharomyces cerevisiae (Huang et al., 
1991), and protein histidine kinase activity has been identi- 
fied in mammalian and slime mold cells (Smith et al., 1974; 
Huebner and Matthews, 1985; Motojima and Goto, 1993). 
Protein phosphatases that dephosphorylate phosphohis- 
tidine have also been identified, including protein phos- 
phatases 1, 2A, and 2C (Kim et al., 1993; Motojima and 
Goto, 1994), all of which are known serine/threonine phos- 
phatases, and phosphatases from rat brain (Ohmori et al., 
1993; Wong et al., 1993). 
Although the function of phosphohistidine residues on 
P-selectin remains to be elucidated, the importance of 
phosphohistidine as an intermediate in the two-compo- 
nent prokaryotic system strongly suggests a critical role 
for phosphohistidine in mammalian cell signaling (Swan- 
son et al., 1994). Histidine phosphorylation is involved in 
prokaryotic signal transduction, including chemotaxis, 
porin expression, and nitrogen metabolism (Stock et al., 
1990). In one process, a sensor histidine kinase is auto- 
phosphorylated on histidine in response to environmental 
stimuli and then rapidly transfers this phosphate to aspar- 
tyl residues on a response regulator protein in the next 
step of the signal transduction pathway (Bourret et al., 
1991). In the family of prokaryotic two-component sys- 
tems, the histidine kinase that autophosphorylates its own 
histidine and the regulator esponse domain that contains 
the phosphate receptor aspartic acid may be on indepen- 
dent proteins or domains of a single protein (Swanson et 
al., 1994). This two-component system may exist in lower 
eukaryotic signaling pathways as well, since genetic anal- 
ysis of S. cerevisae has implicated a transmembrane histi- 
dine kinase in regulation of an osmosensing MAP kinase 
cascade (Maeda et al., 1994). Alternatively, mammalian 
cells may express independent histidine kinases and pro- 
tein phosphatases that are highly regulated and responsi- 
ble for transient phosphohistidine appearance. However, 
the triggering of events leading to the transient appear- 
ance of phosphohistidine upon cell activation, as we have 
now described in stimulated platelets, has no precedent 
in mammalian cells. 
Thrombin is known to initiate a distinct signaling path- 
way through the thrombin receptor (Coughlin, 1994). 
Thrombin-induced platelet activation is rapid and is com- 
plete within 60 s. Collagen activates platelets through an 
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independent mechanism. Glycoprotein la-I la, an a2131 in- 
tegrin, is one receptor that has been implicated in collagen 
binding (Kunicki et al., 1988; Staatz et al., 1989). Collagen- 
induced platelet activation is less potent, and the time 
scale for platelet activation is of the order of several min- 
utes. The rate of thrombin-induced and collagen-induced 
platelet activation temporally parallels the rate of thrombin- 
induced and collagen-induced phosphohistidine forma- 
tion and dephosphorylation observed in our experiments. 
Regardless of the rate of platelet activation with these two 
agonists, platelet activation is characterized in both cases 
by degranulation, surface receptor activation, activation of 
certain metabolic pathways, and morphological changes, 
including the extension of pseudopodia. These two ago- 
nists, working through two distinct and independent sig- 
nal transduction pathways, both yield phosphohistidine on 
P-selectin and common platelet activation events. 
We suspect that transient histidine phosphorylation oc- 
curs on many platelet proteins during platelet activation. 
Given the biochemical techniques used to investigate pro- 
tein phosphorylation, phosphohistidine is too labile to facil- 
itate direct observation. By revisiting this question, we and 
others will be able to ascertain the extent to which phos- 
phohistidine appears on various classes of proteins during 
platelet activation and whether phosphorylation always oc- 
curs synchronously with the phosphorylation of serine, 
threonine, or tyrosine. Recently, two mammalian serine/ 
threonine kinases, branched chain ~-ketoacid dehydroge- 
nase kinase (Popov et al., 1992) and pyruvate dehydroge- 
nase kinase (Popov et al., 1993), have been cloned. These 
kinases regulate the activity of branched chain a-ketoacid 
dehydrogenase and pyruvate dehydrogenerase, respec- 
tively, in the mitochondria by phosphorylation-dephos- 
phorylation. Although the residues phosphorylated on 
branched chain ~-ketoacid dehydrogenase and pyruvate 
dehydrogenase are serines, branched chain ~-ketoacid 
dehydrogenase kinase and pyruvate dehydrogenase ki- 
nase share considerable homology with prokaryotic pro- 
tein histidine kinases. It has been hypothesized that the 
conserved histindine residues on branched chain a-keto 
acid dehydrogenase kinase may be autophosphorylated 
and, in turn, participate in phosphorylation of serine resi- 
dues in branched chain ~-ketoacid dehydrogenase. As 
P-selectin is unlikely to undergo autophosphorylation on 
histidine because of its short cytoplasmic tail, it is unclear 
whether  the phosphorylat ion of hist idine residues on 
P-selectin resembles in any way the two-component phos- 
phohistidine-phosphoaspartic acid systems extensively 
studied in bacteria. Instead, phosphorylation of P-setectin 
histidines may be mediated by a true histidine kinase. The 
observation that G protein 13 subunits in HL60 cell mem- 
branes can be phosphorylated by GTP and that this high 
energy phosphate can be specifically transferred onto 
GDP via a phosphistidine intermediate (Wieland et al., 
1993) raises further possibilities for mechanisms of histi- 
dine phosphorylation-dephosphorylation a d potential 
physiological roles in cellular signaling pathways. To un- 
derstand this system fully, it will be important o ascertain 
the immediate phosphate donor, establish the presence 
of a histidine kinase and phosphatases, and determine 
the recipient of phosphate transfer from phosphohistidine 
in platelets. Most importantly, the functional role of tran- 
sient histidine phosphorylation in P-selectin specifically 
and other proteins more generally remains to be under- 
stood at the molecular level. 
Experimental Procedures 
Platelet Preparation 
Fresh human platelets were isolated from the blood of normal subjects. 
Blood was anticoagulated with Wares buffer. Platelet-rich plasma was 
obtained by centrifugation of whole blood at 200 x g for 15 min and 
was adjusted to 1 mM EDTA. Platelets were isolated by gel filtration 
through Sepharose 2B (Crovello et al., 1993). 
Isolation and Analysis of Phosphorylated P-Selectin 
Platelets (5 ml, 1 x 109/ml ) were incubated with 32P-labeled orthophos- 
phoric acid (1-2 mCi/ml) for 1 hr at 37°C. Platelets were separated 
into equivalent fractions. One fraction remained resting, and the other 
fractions were activated with agonist for the time period specified. After 
the indicated time interval, platelets were disrupted by the addition of 
4x lysis buffer (40 mM Tris-HCI [pH 7.2], 4% Triton X-100, 632 mM 
NaCI, 10 mM EDTA, 4 mM PMSF, 4 mM sodium orthovanadate, 40 
mM sodium fluoride, 20 mM tetrasodium pyrophosphate, 20 mM 
13-glycerophosphate, 20 lig/ml aprotinin) for 10 min at 0°C. Insoluble 
material was removed by centrifugation at 1400 x g for 5 min. The 
platelet lysate was first incubated with MOPC-21, an irrelevant isotype- 
matched murine monoclonal antibody, followed by AC1.2, a mono- 
clonal anitibody directed against P-selectin (Larsen et al., 1989). 
MOPC-21 Sepharose (250 p_l, 1 mg/ml) was incubated with the platelet 
lysate for 90 rain at 4°C to remove proteins that nonspecifically bound 
to immunoglobulin IgG1. After the beads were removed by centrifuga- 
tion, AC1.2 Sepharose (100 p.I, 1 mg/ml) was added to the platelet 
lysate and incubated at 4°C for 90 min. After removal of the beads 
by centrifugation, the beads were washed extensively with 0,1% SDS, 
0.5°/o Nonidet P-40, 0.5% bovine serum albumin, 0.5% deoxycholate, 
2 mM EDTA, 100 mM Tris-HCI (pH 7.4), 2 mM PMSF, 20 mM tetraso- 
dium pyrophosphate, 40 mM ~-glycerophosphate, 2 mM sodium ortho- 
vanadate. Beads were then treated with Lamelli reducing sample 
buffer for 2 rain at 100°C, and the supernatent was applied to a 60/o -
10% (linear) gradient SDS-polyacrylamide gel prior to electrophoresis. 
Following electrophoresis, proteins on the gel were electrophoretically 
transferred to Immobilon P (Millipore). ~P contained within proteins 
on the membrane was detected using a Molecular Dynamics phos- 
phorimager, model 425 B. 
Isolation of the Phosphopeptide from P-Selectin 
The 3~P-labeled P-selectin band was excised from Immobilon P, rewet 
in methanol, and rinsed with water. The membrane slice was incubated 
in 0.5°/o polyvinylpyrrolidene 360 (w/v) in 100 mM acetic acid for 15 
rain at 37°C. Under these conditions, we observed minimal dephos- 
phorylation of the synthetic phosphohistidine standard. The mem- 
brane slice was then washed extensively with water, rinsed in 50 mM 
ammonium bicarbonate (pH 8.0), placed in 200 p_l of 50 mM ammonium 
bicarbonate (pH 8.0), and 2 Ilg of TPCK-trypsin was added (Luo et 
al., 1991). The reaction was incubated at 37°C for 24 hr, and the 
supernatant was removed, adjusted to I mM diisopropyl phosphofluor- 
idate, and lyophilized. After washing in water, the pellet was then 
resuspended in 50 mM sodium acetate, 20 mM CaCI2 (pH 5.0), and 
applied to an anhydrotrypsin-Sepharose affinity column (Takara Bio- 
chemical) equilibrated in the same buffer. The unbound fractJon from 
this column was collected, and the bound peptides were eluted with 
5 mM HCI. Fractions were frozen in a dry ice-ethanol bath and lyophi- 
lized. The pellet was then resuspended in 0.1% TFA in water and 
immediately injected onto a C18 reverse-phase HPLC column (Vydac). 
The column was eluted with a gradient of acetonitrile and 0.1% TFA, 
and fractions were collected, frozen, and lyophilized. The fractions 
containing 32p were further analyzed. 
To positively identify the phosphopeptide, an anti-766-776 antibody 
was reacted with the HPLC-purified phosphopeptide. Immunoaffinity- 
purified anti-766-776 (Chong et al., 1994), a rabbit polyclonal antibody 
prepared against he synthetic peptide 766-776 of the P-selectin cyto- 
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piasmic tail sequence, was coupled to CNBr-activated Sepharose. The 
Sepharose-anti-766-776 beads were incubated with the HPLC- 
purified phosphopeptide for 8 hr, and the amount of 32p bound to the 
beads was ascertained by assay using the phosphorimager. 
Amino Acid Sequence Analysis 
The purified phosphopeptide was covalently linked to an arylamine 
sequencing disk according to the instructions of the manufacturer 
(Milligen). The disk was subjected to automated Edman degradation 
using a Milligen protein sequencer, and the ATZ derivative of each 
residue was collected. Residues at each cycle were lyophilized and 
resuspended in water. Each residue was quantitatively spotted onto 
a grid, and the grid was analyzed using the phosphorimager to assay 
~2P-labeled residues. 
Phosphoamino Acid Analysis 
The Immobilon P membrane was washed once in methanol and thrice 
in water. The :P-labeled P-selectin band was excised, rewet with meth- 
anol, and washed with water. The membrane slice was placed in a 
Pierce Reacti vial with 30 I~1 of 2 N KOH and incubated for 5 hr at 
105°C. The hydrolysate was removed, and 7 N HCIO4 was added 
until the solution approached neutral pH. KCIO4 that precipitated was 
removed by centrifugation, and the supernatant was spotted onto a 
Whatman silica gel 60A thin-layer chromatography plate along with 
unlabeled phosphohistidine and phosphotyrosine standards. Phos- 
photyrosine was purchased from Sigma. 
Alternatively, the ~P-labeled P-selectin band was excised and sub- 
jected to total proteolytic digestion using Pronase. The ~P-labeled 
P-selectin band was excised and rewet in methanol, rinsed in water, 
and then rinsed in 50 mM ammonium bicarbonate (pH 8.3). The band 
was immersed in 50 mM ammonium bicarbonate, and 10 p_g of Pronase 
E (Sigma) was added from a stock of 1 mg/ml in the same buffer. 
The reaction was allowed to proceed overnight at 37°C. The reaction 
mixture was diluted to 1 ml with water and frozen in a dry ice-ethanol 
bath. The sample was twice lyophilized and then dissolved in 20 p.I 
of water. The proteolytic hydrolysate was applied to a Whatman silica 
gel LK6 chromatography plate along with phosphohistidine, phospho- 
tyrosine, phosphoserine, and phosphothreonine standards. For one- 
dimensional analysis, the plate was developed with two solvent cycles 
of ethanoh25% ammonia (3.5:1.6 [v/v]). For two-dimensional analysis, 
the plate was developed in the first dimension with the ethanol solvent 
system and was followed in the second dimension with two solvent 
cycles of methanol:25% ammonia (3.5:1.6 Iv/v]). Phosphoamino acid 
standards were visualized by spraying the plates with 0.25% ninhydrin 
in butanol. ~P-labeled phosphoamino acids were detected by autoradi- 
ography with the phosphorimager. The kinetics of phosphorylation 
and dephosphorylation of phosphohistidine was determined from the 
phosphorimager (Crovello et al., 1993). 
Phosphohistidine Synthesis 
An authentic phosphohistidine standard was prepared by the potas- 
sium phosphoramidate method (Wei and Matthews, 1993). Phosphor- 
amidate was synthesized by the method of Sheridan et al. (1971). 
Potassium phosphoramidate (100 mg) was incubated with 15 mg of 
L-histidine in water for 60 rain at room temperature. The composition 
of the synthetic phosphohistidine was confirmed by demonstration of 
its comigration on the thin-layer chromatograph with N1- and N3- 
phosphohistidine (gift of Dr. H. Matthews, University California at 
Davis). The chromatography plate was developed with two solvent 
cycles of ethanoh25% ammonium hydroxide (3.5:1.6 [v/v]), and the 
phosphoamino acid standards were visualized with ninhydrin spray 
(0.25% [w/v] in butanol). 
Acknowledgments 
We thank Dr. Harry Matthews for the phosphohistidine standard, Dr. 
Michael Berndt for the antibody to the P-selectin cytoplasmic tail, and 
Drs. Brian Schaffhausen, Andrew Wright, and Michael Mendelsohn 
for helpful discussions. We gratefully acknowledge the assistance of 
Margaret Jacobs in performing the Edman degradation. This work was 
supported by a grant (HL51926) from the National Institutes of Health. 
C. S. C. is a recipient of a Berlex Predoctoral Fellowship. 
Received January 5, 1995; revised May 22, 1995. 
References 
Berman, C. L., Yeo, E. L., WenceI-Drake, J ,  Furie, B. C., Ginsberg, 
M. L., and Furie, B. (1986). A platelet alpha granule membrane protein 
that is associated with the plasma membrane after activation: charac- 
terization and subcellular localization of platelet activation-dependent 
granule-external membrane protein. J. Clin. Invest. 78, 130-137. 
Bourret, R. B., Borkovich, K. A., and Simon, M. i. (1991). Signal trans- 
duction pathways involving protein phosphorylation in prokaryotes. 
Annu. Rev. Biochem. 60, 401-441. 
Cell, A., Pellegrini, G., Lorenzet, R., De Blasi, A., Ready, N., Furie, 
B. C., and Furie, B. (1994). P-selectin induces the expression of tissue 
factor on monocytes. Proc. Natl. Acad. Sci. USA 91, 8767-8771. 
Chen, C. C., Smith, D. L., Bruegger, B. B., Halpern, R. M., and Smith, 
R. A. (1974). Occurrence and distribution of acid-labile histone phos- 
phates in regenerating rat liver. Biochemistry 13, 3785-3789. 
Chen, C. C., Bruegger, B. B., Kern, C. W., Lin, Y. C., Halpern, R. M, 
and Smith, R. A. (1977)~ Phosphorylation of nuclear proteins in rat 
regenerating liver. Biochemistry 16, 4852-4855. 
Chong, B. H., Murray, B., Berndt, M. C., Dunlop, L. C., Brighton, -r., 
and Chesterman, C. N. (1994). Plasma P-selectin is increased in throm- 
botic consumptive platelet disorders. Blood 83, 1535-1541. 
Clark, E. A., and Brugge, J. S. (1993). Redistribution of activated pp60 
c-src to integrin dependent cytoskeletal complexes in thrombin stimu- 
lated platelets. Mol. Cell. Biol. 13, 1863-1871. 
Coughlin, S. R. (1994). Protease-activated receptors start a family. 
Proc. Natl. Acad. Sci. USA 91, 9200-9202. 
Crovello, C. S., Furie, B. C., and Furie, B. (1993). Rapid phosphoryla- 
tion and selective dephosphorylation of P-selectin accompanies plate- 
let activation. J. Biol. Chem. 268, 14590-14593. 
Fujimoto, T., and McEver, R. P. (1993). The cytoplasmic domain of 
P-selectin is phosphorylated on serine and threonine residues. Blood 
82, 1758-1766. 
Fujimoto, T., Stroud, E., Whatley, R. E., Prescott, S. M., Muszbeck, 
L., Laposta, M., and McEver, R. P. (1993). P-selectin is acylated with 
palmitic acid and stearic acid at cysteine 766 through a thioester link- 
age. J. Biol. Chem. 268, 11394-11400. 
Fujitaki, J. M., Fung, G., Oh, E. Y., and Smith, R. A. (1981)~ Character- 
ization of chemical and enzymatic acid-labile phosphorylation of his- 
tone H4 using phosphorus-31 nuclear magnetic resonance. Biochem- 
istry 20, 3658-3664. 
Geng, J. G., Bevilacqua, M. P., Moore, K. L., Mclntyre, T. M., Prescott, 
S. M., Kim, J. M., Bliss, G. A., Zimmerman, G. A., and McEver, R. P. 
(1990). Rapid neutrophil adhesion to activated endothelium mediated 
by GMP-140. Nature 343, 757-760. 
Haimovich, B., Lipfert, L., Brugge, J. S., and Shattil, S. J. (1993). 
Tyrosine phosphorylation and cytoskeletal reorganization in platelets 
are triggered by interaction of integrin receptors with their immobilized 
ligands. J. BioL Chem. 268, 15868-15877. 
Hess, J. F., Bourret, R. B., and Simon, M. I. (1988). Histidine phosphory- 
lation and phosphoryl group transfer in bacterial chemotaxis. Nature 
336, 139-143. 
Hsu-Lin, S. C., Berman, C. L., Furie, B. C., August, D., and Furie, B. 
(1984). A platelet membrane protein expressed during platelet activa- 
tion. J. Biol. Chem. 259, 9121-9126. 
Huang, J., Wei, Y., Kim, Y., Osterberg, L., and Matthews, H. R. (1991). 
Purification of a protein histidine kinase from the yeast Saccharomyces 
cerevisiae. J. Biol. Chem. 266, 9023-9031. 
Huebner, V. D., and Matthews, H. R. (1985). Phosphorylation of histi- 
dine in proteins by a nuclear extract of Physarum polycephalum plas- 
modia. J. Biol. Chem. 260, 16106-16113. 
Hung, D. T., Wong, Y. H., Vu, T.-K. H., and Coughlin, S. R. (1992). 
The cloned platelet hrombin receptor couples to at least two distinct 
effectors to stimulate phosphoinositide hydrolysis and inhibit adenyl 
cyclase. J. Biol. Chem. 267, 20831-20840. 
Johnston, G. I., Cook, R. G., and McEver, R. P. (1989). Cloning of 
GMP-140, a granule membrane protein of platelets and endothelium: 
Cell 
286 
sequence similarity to proteins involved in cell adhesion and inflamma- 
tion. Cell 56, 1033-1044. 
Kim, Y., Huang, J., Cohen, P., and Matthews, H. R. (1993). Protein 
phosphatases 1, 2A, and 2C are protein histidine phosphatases. J. 
Biol. Chem. 268, 18513-18518. 
Kunicki, T. J., Nugent, D. J., Staats, S. J., Orchekowski, R. P., Wayner, 
E. A., and Carter, W. G. (1988). The human fibroblast class II extracellu- 
lar matrix receptor mediates platelet adhesion to collagen and is identi- 
cal to the platelet glycoprotein la-Ila complex. J. Biol. Chem. 263, 
4516-4519. 
Larsen, E., Cell, A., Gilbert, G. E., Furie, B. C., Erban, J. K., Bonfanti, 
R., Wagner, D. D., and Furie, B. (1989). PADGEM protein: a receptor 
that mediates the interaction of activated platelets with neutrophils 
and monocytes. Cell 59, 305-312. 
Lawrence, M. B., and Springer, T. A. (1991). Leukocytes roll on a 
selectin at physiologic flow rates: distinction from and prerequisite for 
adhesion through integrins. Cell 65, 859-873. 
Luo, K., Hurley, T. R., and Sefton, B. M. (1991). Cyanogen bromide 
cleavage and proteolytic peptide mapping of proteins immobilized to 
membranes. Meth. Enzymol. 201, 149-152. 
Maeda, T., Wurgler-Murphy, S. M., and Saito, H. (1994). A two compo- 
nent system that regulates an osmosensing MAP kinase cascade in 
yeast. Nature 369, 242-245. 
Mayadas, T. N., Rayburn, H., Johnson, R., Hynes, R. O., and Wagner, 
D. D. (1993). Leukocyte rolling and extravasation are severly compro- 
mised in P-selectin-deficient mice. Cell 74, 541-554. 
Moore, K. L., Eaton, S. F., Lyons, D. E., Lichenstein, H. S., Cummings, 
R. D., and McEver, R. P. (1994). The P-selectin glycoprotein ligand 
from humn neturophils displays sialylated fucosylated, O-linked poly- 
N-acetyllactosamine. J. Biol. Chem. 269, 23318-23327. 
Motojima, K., and Goto, S. (1993). A protein histidine kinase induced 
in rat liver by peroxisome proliferators. FEBS Lett. 319, 75-79. 
Motojima, K., and Goto, S. (1994). Histidyl phosphorylation and de- 
phosphorylation of P36 in rat liver extracts. J. Biol. Chem. 269, 9030- 
9037. 
Ohmori, H., Kuba, M, and Kumon, A. (1993). Two phosphatases for 
6-phospholysine and 3-phosphohistidine from rat brain. J. Biol. Chem. 
268, 7625-7627. 
Pesis, K. H., Wei, Y. F., Lewis, M., and Matthews, H. R. (1988). Phos- 
phohistidine is found in basic nuclear proteins of Physerum polycepha- 
lum. FEBS Lett. 239, 151-154. 
Popov, K. M., Zhao, Y., Shimomura, Y., Kuntz, M. J., and Harris, R. A. 
(1992). Branched-chain a-ketoacid dehydrogenase kinase. J. Biol. 
Chem. 267, 13127-13130. 
Popov, K. M., Kedishvili, N. Y., Zhao, Y., Shimomura, Y., Crabb, D. W., 
and Harris, R. A. (1993). Primary structure of pyruvate dehydrogenase 
kinase establishes a new family of eukaryotic protein kinases. J. Biol. 
Chem. 268, 26602-26606. 
Rasmussen, U. B., Vouret-Craviari, V., Jallat, S., Schlesinger, Y., 
Pages, G., Pavirani, A., Lecocq, J. P., Pouyssegur, J., and Van Obber- 
ghen-Schilling, E. (1991). cDNA cloning and expression of a hamster 
alpha thrombin receptor coupled to calcium mobilization. FEBS Lett 
288, 123-128. 
Sako, D., Chang, X.-J., Barone, K. M., Vachino, G., White, H. M., 
Shaw, G., Veldman, T., Bean, K. M., Ahem, T. J., Furie, B., Cumming, 
D. A., and Larsen, G. R. (1993). Expression cloning of a functional 
glycoprotein ligand for P-selectin. Cell 75, 1179-1186. 
Shattil, S. J. (1993). Regulation of platelet anchorage and signaling 
by integrin (zllb IHII. Thromb. Haemost. 70, 224-228. 
Sheridan, R. C., McCullough, J. F., and Wakefield, Z. T. (1971). Phos- 
phoramidic acid and its salts. Inorgan. Synth. 13, 23-26. 
Smith, D. L., Chen, C.-C., Bruegger, B. B., Holtz, S.L, Halpern, R. M., 
and Smith, R. A. (1974). Characterization of protein kinases forming 
acid-labile histone phosphates in Walker-256 carcinosarcoma cell nu- 
clei. Biochemistry 13, 3780-3789. 
Staatz, W. D., Rajpara, S. M., Wayner, E. A., Carter, W. G., and San- 
toro, S. A. (1989). The membrane glycoprotein la-Ila (VLA-2) complex 
mediates Mg÷+-dependent adhesion of platelets to collagen. J. Cell 
Biol. 108, 1917-1924. 
Stenberg, P. E., McEver, R. P., Shuman, M. A., Jacques, Y. V., and 
Bainton, D. F. (1985). A platelet alpha-granule membrane protein 
(GMP140) is expressed on the plasma membrane after activation. J. 
Cell Biol. 101,880-886. 
Stock, J. S., Stock, A. M., and Mottonen, J. M. (1990). Signal transduc- 
tion in bacteria. Nature 344, 395-400. 
Swanson, R. V., Alex, S. A., and Simon, M. I. (1994). Histidine and 
aspartate phosphorylation: two-component systems and the limits of 
homology. Trends Biochem. Sci. 19, 485-490. 
Vu, T. K. H., Hung, D., Wheaton, V. I., and Coughlin, S. R. (1991). 
Molecular cloning of a functional thrombin receptor reveals a novel 
proteolytic mechanism of receptor activation. Cell 64, 1057-1068. 
Walinder, O. (1968). Identification of a phosphate-incorporating protein 
from bovine liver as nucleoside diphosphate kinase and isolation of 
1-32P-phosphohistidine, 3-32P-phosphohistidine, and N-epsilon-32P-phos - 
pholysine from erythrocytic nucleoside diphosphate kinase, incubated 
with adenosine triphosphate-3=P. J. Biol. Chem. 243, 3947-3952. 
Walinder, O. (1969). Protein-bound acid-labile phosphate. Isolation of 
1-32P-phosphohistidine and 3-~P-phosphohistidine from some mam- 
malian and microbial cell extracts incubated with adenosine triphos- 
phate-32P. J. Biol. Chem. 244, 1065-1069. 
Watson, S. P., Reep, B., McConnell, R. T., and Lapetina, E. G. (1985). 
Collagen stimulates 3H inositol triphosphate formation in indometha- 
cin-treated platelets. Biochem. J. 226, 831-837. 
Wei, Y.-F., and Matthews, H. R. (1993). Identification of phosphohisti- 
dine in proteins and purification of protein histidine kinases. Meth. 
Enzymol. 200, 388-414. 
Wettenhall, R. E. H., Aebersold, R. H., and Hood, L. E. (1991). Solid- 
phase sequencing of ~P-labeled phosphopeptides at picomole and 
subpicomole levels. Meth. Enzymol. 201, 186-199. 
Wieland, T., Nurnberg, B., Ulibarri, I., Kaldenberg-Stasch, S., Schultz, 
G., and Jakobs, K. H. (1993). Guanine-nucleotide-specific phosphate 
transfer by guanine nucleotide-binding regulatory protein I~-subunits. 
J. Biol. Chem. 268, 18111-18118. 
Wong, C., Faiola, B., Wu, W., and Kennelly, P. J. (1993). Phosphohis- 
tidine and phospholysine phosphatase activities in the rat: potential 
protein lysine and protein histidine phosphatases? Biochem. J. 296, 
293-296. 
Zetterqvist, O. (1967). Isolation of I-[32P]phosphohistidine from rat-liver 
cell sap after incubation with [32P]adenosine triphosphate. Biochim. 
Biophys. Acta. 136, 279-285. 
Zhang, J., King, W. G., Dillon, S., Hall, A., Feig, L., and Rittenhouse, 
S. E. (1993). Activation of platelet phosphoinositide 3-kinase requires 
the small GTP binding protein Rho. J. Biol. Chem. 268, 22251-22254. 
